Most proteins in genomes are the result of the recombination of two or more domains. It has been found that if proteins are formed by a combination of domains from superfamilies A and B, then the domains may occur in the sequential order AB or BA but only in about 2 % of cases do they occur in both sequential orders. The classical Rossmann domains of known structure are combined with catalytic domains from seven different superfamilies. In addition, there are eight cases where structures with both AB and BA domain combinations are known. For these two sets of structures, we analysed: (i) the relative orientation of the domains; (ii) the type of domain connection; (iii) the structure of the interdomain links; and (iv) domain function. The results of this analysis indicate that in most cases domain order is conserved because recombination of the domains has only occurred once during the course of evolution. Functional reasons become important when the domain connections are short. In seven out of the eight known cases where domains are combined in the AB and BA sequential orders they have different geometrical relationships that give them different functional properties.
Introduction
Examination of the early protein structures showed that many are formed by the recombination of domains. 1 Many of these domains can have homologues that occur in combination with different partners, in isolation or in both states. Analysis of the genome sequences of Mycoplasma genitalium indicates that some two-thirds of its proteins are built by combinations of two or more domains. Other prokaryotes are likely to have the same proportion, and in eukaryotes it is likely to be somewhat higher. 2, 3 The pairwise combinations of domains that occur in the proteins of known structure and those from genome projects have been analysed by Park et al. 4 and by Apic et al. 5 These analyses determined the extent that the members of different protein superfamilies combine with one another and in what sequential order. They found that in the superfamilies that make combinations, most do so with just one or two other families. Conversely, there are few superfamilies that make combinations with a larger number of other families. One of these is the superfamily of Rossmann domains that bind the coenzyme nicotinamide adenine dinucleotide (NAD ). They also found that particular pairs of superfamilies almost always combine in the same sequential order. Thus, if proteins from superfamilies A and B are found in combination they may be in the sequential order AB or BA, but very rarely in both combinations. 5 Two explanations for this conservation of order could be that (i) it is historical: the recombination event occurred once and current proteins are the descendants of the original pair; and/or (ii) it is a functional requirement: the observed combination order is required for formation of the active site. Here, we examine the adequacy of such explanations by an analysis of the connections and domain arrangements in two sets of proteins. The ®rst set consists of the classical Rossmann domains and their different catalytic partners. The second set consists of the eight sets of proteins that were identi®ed by Apic et al. 5 as having domains linked in both sequential orders, i.e. AB and BA. We ®rst describe the Rossmann domains; the different types of connections that they make to catalytic domains; and the extent to which these connections are conserved and their relation (or lack of it) to function. Secondly, we describe brie¯y similar work for the second set of proteins. These analyses were carried out mainly using Dr Arthur Lesk's PINQ program. 6 We end by discussing the implications of our results for general aspects of domain recombinations.
Proteins of known structure that have classical Rossmann and catalytic domains
Rossmann domains are linked to a great variety of different catalytic domains. The domains, for which the three dimensional structures are known, are listed and classi®ed in the Structural Classi®-cation of Proteins (SCOP) database. 7 In this database, proteins, or protein domains, are classi®ed in a hierarchical set of categories. In ascending order these are: family, superfamily, fold and class. A family clusters together proteins for which sequence similarity alone implies an evolutionary relationship. A superfamily clusters together families for which the combination of structural and functional features implies a common evolutionary origin even though the degree of sequence similarity is low. A fold clusters together superfamilies and/or families that have the same major secondary structures in the same topological arraignment. 7 In order to delineate the repertoire of domain partners for the Rossmann domain we used information collected from the SCOP database (version 1.53) and from the ASTRAL database which contains a list of the sequences of SCOP entries. 8 Here, we are concerned with the classical``NAD(P)-binding Rossmann-fold domains'' and its partners. There are also more distantly related domains, described in SCOP as the``FAD/NAD(P)-binding domain'' and the``nucleotide-binding domain'', but these are not considered here. We also do not consider the few``short chain'' dehydrogenases where the role of this second domain is played by medium sized insertions within the Rossmann domain.
Inspection of the databases shows that, for the enzymes of known structure that contain classical Rossmann domains, the catalytic domains to which they are linked come from one of seven different superfamilies. One of these superfamilies is formed by a cluster of ®ve families, three superfamilies are each formed by clusters of three families, and three superfamilies have only one family. Thus the catalytic domains linked to classical Rossmann domains come from 17 different families which belong to one of seven different superfamilies. The seven superfamilies and the families that form them are listed in Table 1 . In this Table the superfamilies are numbed from 1 to 7 and will be referred to by these numbers hereinafter. For the work described here the atomic co-ordinates of the structure of a representative member of each of the 17 families were obtained from protein data bank (PDB). 9 Amongst these structures, there are two that are exceptions to the picture of simple two domain proteins with one binding NAD and the other catalytic. The Rossmann domain of succinyl-CoA synthase (2scu) binds coenzyme A and not NAD . UDP-glucose dehydrogenase (1dlj) has a third, UDP-binding, domain joined to the catalytic domain.
Structure and function of classical Rossmann domains
Rossmann domains bind the coenzyme NAD . This coenzyme takes part in redox reactions which use the ability of its nicotinamide ring to reversibly accept a hydrogen. As mentioned above, the Rossmann domains discussed here are linked to catalytic domains which play the major role in determining substrate speci®city and the precise reaction of the enzyme.
Rossmann domains have an a/b fold. There is a central b-sheet, with usually six parallel strands arranged in the order 6, 5, 4, 1, 2, 3, and approximately ®ve a-helices which together with a number of loops connect the strands (Figure 1(a) ). In the simplest Rossmann domains, the structure begins at the ®rst b-strand and ends at the sixth b-strand. The more complex structures have extensions at the N or C terminus or at both termini.
The inter-sheet crossovers form a crevice in the C-terminal end of the b-sheet to form a binding site for NAD . 10 If Rossmann domains taken from structures that have unrelated catalytic domains are superposed, it is apparent that there are only small local differences in the conformation and position of NAD (Figure 1(a) ). A referee of this paper pointed out to us that after completion of this work a structure was published which contained a Rossmann domain whose NAD is bound in a different orientation to that discussed here. We discuses this structure brie¯y below.
In redox enzymes the substrate is bound mainly by the catalytic domain and a hydride ion is transferred to NAD . Thus, the substrate and NAD must be brought into close proximity and in an orientation that enables the transfer of the hydrogen from the substrate to C4 of the nicotinamide ring. This places strong functional constraints on the relative positions of NAD and substrate. Figure 1(b) shows the relative positions of the coenzyme-substrate pair in one representative structure of the six superfamilies that bind NAD . It can be seen that the NAD enzymes and different substrates are placed relative to each other in the same orientation in each of the superfamilies: taking the nicotinamide ring in Figure 1 (b) to be in the plane of the page, the reactive end of each of the substrates is below the page some 3 A Ê from the C4 group. The column``linkage with respect to Rossmann fold domain'' illustrates how families are sequentially related. R, Rossmann fold domain; C, catalytic domain in another superfamily; A, another domain.
a Excluding hits to the same protein and multiple orthologs. b This family is complicated by C-terminal extensions to the Rossmann domain that pack against the catalytic domain. c Number next to PDB code in the last column indicate reference for that structure see below.
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Types of connections between catalytic and Rossmann domains
We can de®ne four different types of connections between catalytic and Rossmann domains. The Rossmann domain can be joined to the N terminus of the catalytic (type I) or to its C terminus (type II); the catalytic domain can be inserted within the Rossmann domain (type III), or the Rossmann domain can be inserted within the catalytic domain (type IV). Within families, the type of domain connection is always the same and in Figure 2 we show the relative positions of the domains in a representatives of each of the 17 families listed in Table 1 .
The data in this ®gure shows that the different families that form a given superfamily also have the same the type of connections. For example, the structures that represent the ®ve families that form superfamily 2 all have the Rossmann linked to the N terminus of the catalytic domain ( Figure 2 ).
The second conclusion that can drawn from the ®gure is that different superfamilies can have different types of connections and that all four types occur. Thus superfamilies 1, 2 and 3 have the Rossmann domain linked to the N terminus of the catalytic domain (type I); superfamily 4 have the Rossmann linked to the C terminus of the catalytic domain (type II); superfamily 5 has the catalytic domain inserted into the Rossmann domain (type III); and superfamilies 6 and 7 has the Rossmann domain inserted in the catalytic domain (type IV).
Conservation within superfamilies of the relative position of the domains and of their linker regions
The previous section showed that, within superfamilies, the sequential relationships of Rossmann and catalytic domains are the same. In this section we are concerned with the geometrical relation of the domains and connections. We discuss, for each superfamily, the similarities in relative positions of their domains, the topology of the links between them and the extent to which the structure of the links is conserved.
When discussing the links between the domains it is useful to have two positions of reference that are common to different Rossmann domains. The ®rst of these is at, or near, the N terminus: the ®rst conserved site in the ®rst b-strand. The second reference position is the last conserved site in the sixth b-strand. This position is near the C terminus in some structures and somewhat prior to it in others. In lactate dehydrogenase (1ldm) these sites are at positions 22 and 161. We will refer to the regions between these reference positions and the ®rst (or last) residue in the catalytic domain as the linker regions. First we discuss the similarity of linker regions in the different families that belong to a single superfamily. Superfamily 2 is formed by a cluster of ®ve families; superfamilies 4, 5 and 7 are each formed about the glycosidic bond. Rings with the amide group pointing downwards are said to be in the anti conformation (1ldm, 1dlj, 1dss) and those with the amide group pointing upwards are said to be in the syn conformation (1deh, 1dxy, 1bxg). Table 1 ). 
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by clusters of three families, and superfamilies 1, 3 and 6 have only one family. Taking superfamily 7 as an example, we ®rst compare the structures of one representative of each of its three families Ribbon drawings of the three representative structures are shown in Figure 3 . The catalytic domains are shown in white, the core of the Rossmann domains in yellow and linker regions in black. As noted above, the connection in this superfamily is type IV: the Rossmann domains are inserted within the catalytic domains. This means that there are two linker regions: the ®rst from the catalytic domain to the N terminus of the Rossmann domain and the second from its C terminus back to the catalytic domain ( Figure 3) .
Inspection of Figure 3 shows that in all three representative structures the relative positions of the two domains are essentially the same. Also the interfaces between the two domains are very similar in the three structures: they are formed by two coiled regions of polypeptide and the surfaces buried in the interface are between 700-950 A Ê 2 .
The linker regions that connect the domains (black ribbons) follow the same general path in the three structures. However, they differ in length and local conformation. The lengths of the ®rst and second connections in the three structures are 23 and 14 residues (1b3r), 35 and 8 (1pjc) and 45 and 41 (1dxy). The ®rst connection begins with an ahelix in each structure but after that the local conformations are quite different. The three second connections have little similarity in local conformation ( Figure 3) .
Examination of the other three superfamilies that have more than one family gives very similar results: (i) within a given superfamily the two domains have the same relative position (though in different superfamilies the actual positions are different; see below); (ii) the interfaces between domains are very similar in structure, and area; (iii) the linker regions that connect the domains follow the same general path; and (iv) the connections vary somewhat in their length and local conformation.
In fact the differences in length and local conformation seen in the other superfamilies are smaller than those in superfamily 7. The linking regions in one structure from each of superfamilies 2, 4 and 5 are shown in Figure 4 . In Superfamily 2, the single linker region occurs after the sixth strand of the Rossmann domain and in the different families consists of a conserved b-a-b unit preceded by a short region that has a variable conformation. In superfamily 4, a single helix crosses over the Rossmann b-sheet from the catalytic domain and either joins directly to the ®rst strand of the Rossmann or, in some families, through a second short helix. In superfamily 5, where the two linker regions between the Rossmann and catalytic domains are both short, partly buried and near the active site. In the different families the ®rst connection has only small variations in size and conformation and the second has little or none. Superfamilies 1, 3 and 6 each have just one family. Within these families (and within the families of the other superfamilies), the variations in the size and conformation of the connections are much smaller that those found between families.
A particularly extreme case of this is seen in superfamily 1. In this superfamily, the linker region is only two residues (see Figure 4 , top left), and it is deeply buried in a large interface. The accessible surface area of the isolated domains that is buried in the interface between the two domains of lactate dehydrogenase (1ldm) is 3850 A Ê 2 (in superfamily 7, for example, it is between 700 A Ê 2 (1b3r) and 950 A Ê 2 (1pjc)).
This position of the linker region suggests that it is subject to strong structural and functional constraints: the accommodation of any insertion, deletion or large mutation would involve movements at a close packed interface that would be likely to change the relative positions of the domains and thus be detrimental to the active site. This view is supported by an examination of the sequences of homologues of superfamily 1 structures. Homologues were retrieved via a FASTA 11 search of NRDB90 12 and a multiple alignment was generated with ClustalW. 13 Inspection of these sequences shows that no insertion or deletions occur in the region of the domain connection though they do take place in the immediately adjacent regions. It also showed that there is extensive sequence conservation in the region around the buried connection.
A classical Rossmann domain that binds NAD in a novel orientation
As mentioned above, a referee of this paper pointed out a recently published protein structure that contains a classical Rossmann domain that binds NAD in a novel orientation. The structure in question is the dI component of transhydrogenase from Rhodospirillum rubrum 14 a membrane-bound proton pump which is linked to a proton gradient and the equilibrium between NAD(H) and NADP(H). Transhydrogenase has three subunits: dI which binds NAD, dIII which binds NADP(H) and dII the transmembrane component. The structure of dIII 15 is described in SCOP as a``DHS-like NAD/FAD-binding domain''. The structure dI shows that it has a classical Rossmann and is a homologue of L-alanine dehydrogenase: 14 297 aligned residues in the two structures have 31 % sequence identity and their main-chain atoms a rms difference in position of 1.9 A Ê . However, the nicotinamide half of NAD in dI has an orientation quite different to that in AlaDH and in other classical Rossmann domains of known structure. Instead pointing towards the second domain it points out into the solvent (Figure 5(a) ). The makes the nicotinamide ring accessible for interaction with dIII. 14 This alteration in the conformation of NAD is the result of at least two differences between AlaDH and dI. First, dI has loop not present in AlaDH that stabilises the novel conformation of NAD.
14 Second, some of the residues that would pack against nicotinamide end of NAD if it had the same conformation as that in AlaDH, have volumes that are different to those in AlaDH.
Although the ®rst domain in dI does not, of course, have catalytic function as it has in AlaDH, it very probably does play a functional in being part of the binding site for dIII. Table 1 ). The Rossmann domain is indicated in yellow the catalytic domain in white and the linking regions in black. Space ®lling models of the co-enzyme are shown. This is NAD in all structures except SF3, where it is CoA. SF, Superfamily, structures PDB identi®er is shown adjacent to rendition, roman numerals indicate the domain linkage type.
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Domain Recombination and protein function
The general geometrical requirements for the position of the substrate relative to NAD were brie¯y described above: the reactive group has to be below the plane of the nicotinamide ring and close to its C4 atom (Figure 1(b) ). This, of course, places constraints on the relative positions of the Rossmann and catalytic domains. A priori, we might expect the range of possible orientation as illustrated by the schematic diagram shown in Figure 6 . If the catalytic domains are roughly the same size as the Rossmann domains, we would expect their centres would occupy positions that, from the viewpoint of this Figure, form an arc of roughly 90
around the nicotinamide ring. The position of a particular catalytic domain would, of course, be determined by the position of its binding site and orientation of the substrate in that site.
In Figure 4 we show, for one representative of each of the seven superfamilies, the relative positions of the Rossmann and catalytic domains. The positions of the catalytic domains in the different superfamilies cover the range of expected positions though with more at the extremities of the range than in the middle.
Only in the case of superfamily 1 does a short connection determine the relative position of the domain. In the other six superfamilies the relative position of the domains is constrained neither by the type of the connection nor by it its length (Figure 4 ). For example, superfamilies 2, 4, 6 and 7 have their two domains in very similar relative 14 showing NAD from dI in green and NAD from the homologous protein L-alanine dehydrogenase (AlaDH) (1pjc) 31 in red. The orientation of NAD in AlaDH is the same as that in all other classical Rossmann domains. Residues in green (221-240) indicated those in an inserted loop (relative to AlaDH) which make contacts to NAD and stabilise it in the novel conformation. Yellow indicates sites whose residues in AlaDH make contacts to NAD and which have side chains with different volumes in dI. (b) Transhydrogenase dI showing the Rossmann domain in yellow, linking regions in black and catalytic domain in white. NAD is shown in its novel orientation. Compare this to the drawing of AlaDH (1pjc) 31 in Figure 3 . positions and have connections of type I, II and IV, respectively.
In the case of AlaDH and dI, we see how two domains can conserve their overall geometry but radically change the nature of the functional relationship. In AlaDH the ®rst domain is the catalytic partner of a second cofactor binding domain; in dI the ®rst domain helps bind an other subunit with which the second interacts.
Before discussing the implication of this analysis of Rossmann and catalytic domains we will brie¯y describe the results of the analysis of the second set of proteins.
Proteins with the pairs of the same domains linked together in different sequential order
In the previous part of the paper we discussed Rossmann domains linked to catalytic domains from seven different superfamily. We found that, though different superfamilies have different types of connection with Rossmann domains, those made by a particular superfamilies are all of the same type. Investigations by Apic et al. 5 showed previously that this is generally true. For the proteins whose structure was known at the time of their work, there were 356 different pairs of superfamily-superfamily domain combinations. For 348 of the pairs, the sequential order of the two domains is always the same in the different proteins in which they are found. For eight pairs both type I and type II connection were observed. Thus, if proteins are from superfamilies A and B, they are found in 348 cases in the sequential order AB or BA but in eight cases they are found in the order AB and BA. Prior to this work Todd et al. 49 described two of these cases.
These eight cases are listed in Table 2 . The two cases described by Todd et al. 49 are the ®fth and the eight in this Table. The ®rst seven of the cases involve: two where AB and BA combinations are observed; two where we ®nd AB and ABA combinations, and three where just the ABA combination is found. The eighth case is different to the rest and is discussed after these seven.
We examined the structures of these proteins, and the papers that describe these structures, to answer questions on the geometry and function of the domains. In the cases where the sequential order is reversed we wanted to know (i) whether or not the domains are in the same relative orientation (if the connections are long enough the domains can, of course be put in the same relative positions as we have seen above) and (ii) do they have related or different functions. In cases where the ABA combinations are found we wanted to know the function of the two A domains.
For the seven cases, the same general answer can be given to these questions. In two AB and BA cases (see Table 2 ), the relative positions of the domains in the AB combination is different to that in the BA combination. This means, as might be 34 (eIF-5A), (2eif). In blue Ribosomal protein L2 33 (1rl2). Both structures have an OB-fold domain and an SH3 domain. In eIF-5A the SH3 is N terminal and in L2 it is C-terminal region. In eIF-5A Lys 40 (which is post translationlay modi®ed to hypusine) shown in green and adjacent conserved residues in yellow. eIF-5A is implicated in RNA binding and the hypusine modi®cation is known to be required for function. 34, 48 In L2, the sites involved in RNA binding are highlighted in yellow. In (b) sul®te reductase, 45 (1aop). The structure has an A 1 B 1 A 2 B 2 domain order, the domains are coloured red, green, yellow, and blue respectively. The two B domains are homologous but bind different co-factors (see the text). expected, that the functions of the two combinations are different: see Figure 7 and Table 2 for short descriptions of these different functions. (For full descriptions see the references listed in Table 2 .) In the ABA combinations the two A domains must, of course, be in different positions. In the ®ve structures where they occur they also have different functions: these are brie¯y described in Table 2 , the case is illustrated in Figure 7(b) , and full details are given in the references listed in the Table 2 .
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The eighth case is quite different to the other seven. Prokaryotic glutathione synthetase has two distinct AB domains. In the eukaryotic enzyme a cyclic permutation of the gene has transferred the last one third of the B domain to the N terminus of the A domain to produce a B 0 AB 00 where B 0 is the C-terminal part of the prokaryotic B domain and B 00 is the other part. This cyclic permutation was also described by Todd et al. 49 In the prokaryotic structure the N and C termini are close together and this change in the domain links can take place without producing a change in their relative positions.
Discussion
Here we have analysed domain connections, and their relation to function, in two sets of proteins. The context in which to examine the implications of the results of this analysis is the work on domain combinations carried out by Apic et al.
5
They found that, in the protein families that make combinations, most do so with just one or two other families; a few families make many combinations, and that particular superfamily-superfamily combinations almost always combine in the same sequential order. The domain combinations formed by superfamily of the classical Rossmann domains with seven different superfamilies of catalytic domains have all these general features. The seven superfamilies of the catalytic domains combine with only one other superfamily (the members of the Rossmann superfamily); conversely, the Rossmann superfamily itself is an example of one of the few that combines with many other superfamilies. The different sequential orders can be found for Rossmann domains combined with catalytic domains from different superfamilies but, in combination with catalytic domains from one superfamily, the order is always the same. Analysis of genome sequences extends these observations: Rossmann domains are found in combinations not in the current structure database and for particular combinations the order is conserved. 5 The analysis of the Rossmann domains and their partners show that there is no general relationship between the sequential order of domains and the positioning of domains required for function. When the linking regions are long, as in most of the structures considered here, they allow similar relative positions to be achieved with all four types of connections. Only in superfamily 1, where the link between domains is buried and very short, is there a direct simple relationship between the type of domain connection and function.
In all cases where Rossmann domains are linked to the members of one catalytic superfamily the domains are in the same relative position, their interfaces have the same structure and their linker regions follow the same path. The local changes in conformation that occur in the linker regions within superfamilies 2, 4, 6, and 7 are typical of those found in peripheral surface loops of distantly related homologous proteins. Conversely, the strong conservation of the linker regions in superfamily 1 is typical of regions deeply buried in the structure.
These results indicate that the reason why members of a superfamily of catalytic domains conserve the sequential order of their connections to Rossmann domains is that each pairing arose from a single recombination event and the superfamily arose from subsequent duplications and divergence of this pair. This is likely to be true of many other superfamily-superfamily domain combinations.
In the cases where both sequential orders for a pair of domains are found, i.e. AB and BA or ABA, the relative positions of the domains in AB and BA combinations are quite different (with one exception). This difference in position, and natural selection, gives the two domains different functional relationships. The only known exception is bacterial and eukaryotic glutathione synthetases where the particular geometry of the domain association allows a cyclic permutation of the gene without a change in the relative position or function of the domains.
